The electrical plethysmogram, as a monitor oj cardiovascular junction, is reviewed; and its IIse as peripheral pIIlse monitor during clinical anaesthesia is evaluated.
INTRODUCTION
Noninvasive patient monitoring during anaesthesia traditionally includes "the finger on the pulse". One of the available substitutes for the finger is the electrical plethysmograph. An Australian made (Telectronics Pty. Ltd., Lane Cove), peripheral pulse monitor can have its output displayed continuously on an oscilloscope, together with the electrocardiograph (E.CG.) (Figure 1 ). Its use in clinical anaesthesia is attractive, as the apparatus is attached easily to a digit, to provide continuous monitoring of the peripheral vascular system.
The maintenance of adequate tissue perfusion during and after anaesthesia is contingent upon an effective microcirculatory blood flow pattern. How anaesthetic agents affect the microcirculation, therefore, is of practical concern to anaesthesiologists ( Baez 1971) . However, with the use of increasing numbers of monitors care must be taken that the multiple data does not distract and inhibit the clinician from providing proper care of the anaesthetised patient. The ability to utilise and interpret information from various monitors differs among clinicians (Eastwood 1970) .
The intention of this review was to examine the rationale behind the use of the electrical plethysmogram, and to evaluate its contributions with regard to Eastwood's comments. lllustrations of some of the points made, are taken from our own records.
THE CUTANEOUS CIRCULATION
Circulation in the extremities has a large body of literature, and the reader is referred to the book by Abramson (1967) or to reviews in Physiology textbooks, such as that by Rowell (1973) . Flow through the cutaneous vasculature 'f"I['"f"'.rf"'.rl" .ri" , In panels A and C there is minimal evidence of the dysrhythmias to be seen in the plethysmographs. Conversely. in panel B. sinus rhythm was associated with an irregular shape in the pulse wave. varies with the pressure transmitted through the arterioles, the venous outflow resistance, blood viscosity and extramural tissue pressures. The effect of changes in arterial blood pressure can be modified considerably by the cutaneous resistance vessels under the influence of extrinsic neural control, circulating vasoactive substances or intrinsic local factors. Cutaneous vasomotor control varies between one skin area and another (Fox and Edholm 1963) . Blood flow through the digital skin is far in excess of its metabolic requirements. Flow through the fingers varies markedly, depending on neural, humoral and physical factors., the environmental temperature being one of the most important in this regard. The capacious subpapillary venous plexus contains a major fraction of the cutaneous blood volume, from which heat can be dissipated rapidly. The dense vasculature around sweat glands is functionally important in sweating. In addition there are richly innervated arterio-venous anastomoses which can effect large changes in skin perfusion. In the hand, flow can increase from 3 to 10 ml up to 70 to 100 ml per minute per 100 g of tissue with warming of the local skin (Hertzman and Dillon 1939) .
The many mechanisms which can affect cutaneous circulation through the digits are well documented in the standard physiology texts. In addition to these, cutaneous blood flow may vary with the changes induced by surgery and anaesthesia. Consequently, the behaviour of the peripheral vascular bed has been suggested to monitor the intensity of effect of these factors. In his Editorial on "Anaesthesia and the Microcirculation", Baez (1971) noted that vascular muscle seems to be pharmacologically heterogeneous in its responses to vaso-active inhalation anaesthetic drugs and in different vascular beds ( Figure 2 ). This is reflected in the comments of Heistad and Abboud (1974) in their succinct review of factors that influence blood flow in skeletal muscle and skin, and especially with the effects of anaesthetic. Abramson (1967) warns against the tendency "to study only one portion of a limb, usually the fingertips, then to consider the reactions thus obtained to be representative of the peripheral blood flow generally".
ELECTRICAL PLETHYSMOGRAPHY
The original system used by Hertzman (1937 Hertzman ( , 1939 , has been modified many times. The electrical plethysmogram can be applied to any surface, and pulse monitoring at the mucous membrane of the nasal septum has been advocated to assess changes observed in an area supplied by the internal carotid artery (Groveman, Cohen and Oillon 1966) . The digit is the region most commonly utilised, and its peripheral pulse can be displayed on a meter or oscilloscope, or made audible. Detectors include various strain gauges (Strandness 1964) , photocells (Schotz 1959 , Robinson 1959 , Phelps 1969 , microphones (Keating 1952 , Hart 1962 and piezoelectric crystals (J ohnstone 1967 (J ohnstone , Thune 1970 .
Electrical plethysmography has been classified as a qualitative technique for the study of peripheral blood flow (Abramson 1967). Like tissue temperature thermometry (Davidson 1961 , Tammisto 1969 ) and heat conductance (Thompson 1967) , the method does not record actual blood flow during anaesthesia, but is related to gross changes therein.
Accurate measurement of digital blood flow by the plethysmography requires considerable attention to technical detail (Zweifler, Cushing and Con way 1967 ). Yet even this accurate quantification can show rapidly changing Hows 10 30 between successive determinations (Blll·ton 1939) , differences between similar areas on contralateral limbs (Hyman et al. 1963) , and variations at different sites on the same limb (Pauca and Hopkins 1971 ) . THE DIGITAL PLETHYSMOGRAM Burch et al. (1942) has shown that normal man in a comfortable environment produces five forms of rhythmic changes in recordings of digital circulation. The neurogenic changes may be variable in their intensity and rhythmicity, and tend to disappear during the extremes of vasoactivity, or under general anaesthesia.
The pulse deflection results primarily from cardiac ejection, but is modified by the interplay of the many factors influencing arteriolar inflow and venous outflow. The respiratory deflections are superimposed upon the pulse waves, and occur with both spontaneous and controlled ventilation (Figures 1 C, 3, 4B, 6, 7). We have records which show the same breath producing a different respiratory deflection in two digits of the same limb. Application of a venous tourniquet may depress or obliterate the respiratory deflections ( Figure 3) , and diminishes the height of the wave form of the digital pulse. This occurs notwithstanding that the actual arterial inflow may be the same, increased or decreased (Wilkins and Bradley 1946) .
THE TISSUE PERFUSION MONITOR
The plethysmographic signal can be processed to measure the area beneath the curve of the pulse wave. When this is multiplied 40 30 FIGURE 3.-Challges ill the digital pulse durillR positil'C prcssure l'clltilatioll. Application of a venous tourniquet at increasing steps of inflation pressure obtunded the amplitude changes with ventilation. by the pulse rate, a perfusion index is obtained (Stephens 1970 (Stephens , 1977 . Once a reference reading has been obtained, the tissue perfusion monitor is set at 100%, and percentage changes in the index are then read directly.
USE OF THE ELECTRICAL PLETHYSMOGRAPH

Continuous observation of the pulse
The peripheral pulse monitor enables the FIGURE 4.-Notching of the finger pulse wave. The "dicrotic-notch" may occur at any point on the wave form, or may vary in position. In panels A to C the notching was associated with a sinus rhythm, whereas panels D and E show the simultaneous E.c.G. and finger pUlse.
Anaesthesia and Intensive Care, Vol. VI, No. 3, August, 1978 pulse rate to be observed continuously. The pulse amplitude may also be displayed, and its changes variously interpreted, when correlated with orher measured parameters (Phelps and Sass 1969) .
Detection of arrhythmias
The pulse monitor will display changes due to irregularities in cardiac rhythm. Muir (1973) tested several units during anaesthesia and concluded that no pulse monitor was entirely satisfactory, due to failure to detect changes in patients who developed dysrhythmias (Figures 1 and 4) . Many of the "false positive dysrhythmias" were associated with patient movement. Robinson and Eastwood (1959) suggested the electrical plethysmograph could be used in conjunction with a pneumatic cuff to detect the systolic blood pressure. This may be repeated automatically (Ball, Pallett and Shillingford 1961) . However, the systemic blood pressure changes cannot reliably be predicted by Following the release of the clamps, there was a hypotensive episode lasting some six minutes but during which the heart rate remained steady. The finger pulses in the same hand showed a more marked response at the fifth finger, both during onset of and recovery from the episode. 
With sphygmomanometry
Tests of vascular patency
Plethysmography has been used as prognostic test for radial artery occlusion (8rodsky 1975), and in the diagnosis of peripheral vascular disease (Linton et al. 1941 , De 8akey et al. 1947 . Kovac 1969 , Lichti et al. 1971 .
Reaction to stimuli
Hertzman and Dillon (1939) noted that almost any stimulus could excite vasoconstrictor responses in the digit, even though there might not be response seen at other sites. The pulse monitor has been used to demonstrate the effects of emotion and stress and the adequacy of sedation (Ackner 1956, ] ohnstone 1967. Chambiras 1970) ( Figure 2 ). FIUURE 7.-The opening of the steflllll1l ill two patients. Simultaneous intra-arterial blood pressure recordings and finger pulse, where the same finger response is associated with different blood pressure response. Strandness et al. (1961) noted that the depth of anaesthesia had a profound effect upon peripheral vascula activity, stimulation during light general anaesthesia resulting in a decrease in skin flow and an increase in femoral artery flow (Figures 6 and 7) .
The type and depth of anaesthesia has considerable influence on the behaviour of the peripheral vascular bed (Hershey, Zweifach and Rovenstine 1953) (Figure 2 ). 8eddard (1965) observed the pulse amplitude and blood pressure, and used them to regulate clinically the patient's requirements for halothane during closed circuit anaesthesia. J ohnstone (1974) reported that "halothane was the only drug studied which consistently protected patients from the reflex vasoconstriction caused by surgical stimuli of all degrees of severity ........ The onset of digital vasoconstriction indicates inadequate anaesthesia and the possibility of consciousness in curarized normocapnoeic patients who are apparently anaesthetized" (Figures 6 and 7) .
Monitoring sympathetic tone
Local interruption of sympathetic pathways by blockade or surgery produces a vasodilatation by removing the tonic vasoconstriction. Beene and Eggers (1974) used the pulse monitor for determining sympathetic block of the arm. Kim et al. (1974) used bilateral plethysmographs to detect irregularities in the density of epidural blockade, then extended this to other aspects of sympathetic interruption (Kim et at. 1975) .
The plethysmogram shows pulse changes related to subjacent tissues. When, as in the finger pulp, they are largely cutaneous, then alpha-adrenergic responses will affect the pulse wave. When the skin overlies muscle mass, beta-adrenergic responses are observed, as in studies when the forearm is used (J ohnstone 1964, Pauca and Hopkins 1971) .
Assessment of internal circulation
Despite several preliminary suggestions (Hertzman 1939 , Hertzman and DiIlon 1939 , Foster 1945 , Schotz et al. 1959 , Groveman 1966 , Bercovici 1967 of possible correlations, we could not find in the literature whether the digital vaso-activity during anaesthesia could be linearly related to activity of the renal, splanchnic or cerebral circulations. Even the initial comments of Groveman et at. (1966) following studies of the internal carotid circulation with electro-plethysmography of the nasal mucosa, do not appear to have fulfilled their promise of monitoring intracerebral changes. Redisch et al. (1954) reported very different changes in skin and renal blood flow in response to administration of vasodilators.
Assessment of local circulation
The perfusion index has been used to assess the cutaneous circulation for better interpretation of a second device. A Hewlitt-Packard oximeter has been combined with a perfusion monitor to examine errors in percutaneous oximetry. Errors in estimates of haemoglobin saturation were inversely proportional to the perfusion index.
COMPLlCA nONS
Photoelectric plethysmographs have produced tissue damage at the site of their application (phelps and Sass 1969, Lebowitz 1970) . As there may be both ischaemic and thermal factors during prolonged use, frequent repositioning may be necessary, particularly in AI/aesthesia and Intensi)'e Care, Vol. VI, No. 3, August, 1978 the presence of hypothermia and peripheral vasoconstriction.
DIFFICULTIES
Interpretations involving quantification of the pulse wave have been discussed elsewhere. Yet even its use to measure heart rate may become impossible when there is vascular spasm associated with shock states or hypothermia. The main difficulty in the clinical situation is to interpret the cause of the changes observed in the finger pulse, since these may be produced by anyone or all of the many neural, humoral and physical factors which may be acting simultaneously on the peripheral vasculature.
The peripheral circulation is often affected by the induction of general anaesthesia, and the flushed, warm skin provides a good pulse wave for the finger plethysmograph (Foster et al. 1945) . Increased limb flows are maintained during the whole period of relatively minor operations and during the earlier phases of more prolonged and severe operations. During the later phases of more prolonged operations the limb flows decline in most cases and become equal to or somewhat less than the pre-anaesthetic resting levels (Lynn and Shackman 1951) .
This decline in flow is reflected in the fall in peripheral temperatures, and varies with the type of anaesthesia (Davidson 1961, Tammisto, Rosenberg and Elfving 1969) . The fall in peripheral temperatures may be paralleled by a fall in deep body temperatures (Shanks 1975) , and were less when heat losses were restricted to prevent inadvertent hypothermia. We have data which shows that, when whole body and limb hypothermia is prevented by methods of heat conservation, the adequately anaesthetised patient maintains digital temperatures and pulses. Often the finger temperatures of the insulated arm remained close to deep body temperature, and the first vasoconstricting influence occurred with post-surgical return to consciousness.
Mechanical movement, postural changes and direct pressure affect the pulse wave of the plethysmograph. Pressure from the detector may be transmitted to the vascular bed under examination. This can produce marked changes in the pulse wave wibh relatively minor falls in arterial pressure.
Plethysmography provides the pulse wave of the site to which the detector is applied. Those techniques which quantify the size of the pulse wave require a baseline reading for subsequent comparison. The choice of site can alter considerably the plethysmographic results. When simultaneous measurements were made even in the same hand, variations in response between digits included changes which were diametrically opposed (Figures 2 and (i) .
CONCLUSION
The peripheral pulse monitor is a convenient technique to examine continuously the pulse wave of the surface to which it is applied. Movement of the detector on the surface is undesirable, as is excessive current flow, local heat or pressure from the transducer unit. It is commonly applied to a digit, and has found a wide range of clinical applications.
Electrical plethysmography can provide a simple system for continuous visualisation of the pulse rate, although it need not be an accurate guide to the presence of cardiac dysrhythmia. Used in conjunction with a sphygmomanometer cuff, it can enable repeated, even automatic, measurements of the systolic blood pressure; size of the pulse wave alone is not a guide to arterial pressure.
Considerable increases in the amplitude of the pulse wave usually folIow the removal of neurogenic vasoconstriction tone by surgical or pharmacological sympathectomy of the region.
Electrical plethysmography is a qualitative technique for the study of peripheral blood flow. Yet even if it were able to measure accurately the digital blood flow, this would not be transferable as indicative of cutaneous perfusion elsewhere, nor of flows through the internal circulations. Following the induction of light general anaesthesia, the pulse wave may alter rapidly in response to various surgical and anacsthetic stimuli; these responses are not seen at deeper levels of anaesthesia. During prolonged surgery, whole body or limb hypothermia usually develops, with progressive diminution of the pulse wave. If not prevented this may occur more rapidly if such factors as hypovolaemia initiate vasoconstrictive reflexes.
The peripheral pulse monitor is a non invasive means for continuous display of the pulse. Any change observed in the pulse rate or the quality of the pulse wave should alert the anaesthetist to seek the reasons for a change in the physiological ~tatus of thc patient.
